methoxypyrazines. They are present in the berry pulp and skin in both free and glycosidically-bound forms [8] . They are secondary metabolites of grape also studied for chemotaxonomic purposes because their profile is characteristic of the grape varieties.
During winemaking the grape compounds are transferred to the wine and, together with the compounds formed with the fermentation, form the aromatic bouquet of the product [9] . Grapes also contain aroma compound precursors. In particular, glycosidically-bound compounds in which the volatile aglycone is linked to a sugar moiety, such as β-D-glucopyranose, β-D-apiose, α-L-arabinose or α-L-rhamnose [10] [11] [12] [13] . These precursors do not contribute directly to the grape and wine aroma but, as a consequence of the enzymatic or acid hydrolyses commonly occurring in winemaking and wine aging, can release the volatile aglycone. Grape varieties such as Muscat and Gewürztraminer are classified as aromatic for their important content of monoterpenes, which are characterized by floral and citrus notes (e.g., linalool, citronellol, geraniol, nerol, α-terpineol) [14] [15] [16] [17] . C 13 norisoprenoids are instead the compounds that mostly contribute to the aroma of neutral varieties, even if they are commonly present in both aromatic or neutral grapes, for example β-damascenone and β-ionone are characterized by "fruity-flowery" and "violet" note, respectively [9, 18, 19] .
3-Alkyl-2-methoxypyrazines are present in grape skins, pulps and stems. These compounds are characterized by very low sensory thresholds (between 1-2 ng/L in water) and they confer vegetative, herbaceous, bell pepper or earthy notes to the wines. Main are 3-isobutyl-2-methoxypyrazine (IBMP), 3-sec-butyl-2-methoxypyrazine (SBMP) and 3-isopropyl-2-methoxypyrazine (IPMP) [20] [21] [22] [23] [24] [25] [26] . Their formation is influenced by the light exposure (berries more exposed to sunlight usually contain lower methoxypyrazines) and higher contents were found in grapes from cooler regions [25] .
2'-Aminoacetophenone (o-AAP) has been identified as the cause of the aging note (the so-called 'hybrid note' or 'foxy-smelling') typical of labruscana grapes [27] . This odor is differently described as acacia blossom, naphthalene note, furniture polish, fusel alcohol and damp cloth, and causes a considerable number of wine rejections. Formation of o-AAP in grape is favored by several factors, like reduced nitrogen fertilization combined with hot, dry summers, and the risk increases in wines produced with early harvested grapes.
Methyl anthranilate (MA) also contributes to the typical 'foxy' taint of wines made from American and wild vine grapes, although it has been also found in concentration of up to 0.3 mg/L in some V. vinifera white wines [28] .
Wine also contains compounds formed by fermentation, during aging, and released from the barrels. These include ethyl esters and acetates, higher alcohols, vanillin and benzene derivatives, volatile phenols, sulfured and carbonyl compounds. Their concentrations range between ng/L -mg/L and contribute to the wine aroma depending on their sensory thresholds. Main volatile benzenoids are some aldehydes and alcohols, such as benzaldehyde (almond note), phenylacetaldehyde (hyacinth and rose-like odor, [29] ), vanillin (vanilla), benzyl alcohol and β-phenylethanol (rose note) [8] . Twenty-four aldehydes in traces were identified in wine [30] , including glyoxal, methylglyoxal and hydroxypropandial [31, 32] , and C 6 -aldehydes such as hexanal, (E)-2-hexenal and (Z)-3-hexenal (green, herbaceous and bitter notes) [33, 34] .
Some wine volatile phenols are formed by microorganisms, such as Brettanomyces and Dekkera bacteria, during fermentation through a process of decarboxylation and reduction of ferulic and p-coumaric acids in grape [35, 36] . Some of these phenols are particularly detrimental for the product due to their sensorial characteristics; 4-ethylphenol, in particular, has an olfactory note described as "horse stable" or medicinal. Principal among these are 4-vinylphenol (spicy, pharmaceutical, sensory threshold in wine 440 μg/L), 4-vinylguaiacol (aroma descriptors: smoke, phenolic) and 4-ethyl guaiacol (spice, phenolic, sensory threshold 33 μg/L) [17, [36] [37] [38] [39] [40] .
Esters and higher alcohols are produced by the yeasts during fermentation. Esters determine the fruity aroma of wines [41] , the main are fatty acid ethyl esters and acetates such as ethyl acetate, ethyl butyrate, ethyl hexanoate, ethyl octanoate, ethyl decanoate, hexyl acetate, isoamyl acetate, isobutyl acetate, phenylethyl acetate [17, 36] . It was reported that a level of higher alcohols below 300 mg/L confers a desirable complexity to the wine whereas concentrations over 400 mg/L can have a negative effect [42] .
Sulphur compounds present in wine are thiols, sulphides, thioesters and heterocyclic compounds. Thiol and thio-type compounds are in general associated with flavour defects and are divided into 'light' (boiling point <90 °C) and 'heavy' (b.p. >90 °C) compounds [19, 34, [43] [44] [45] . Prominent sulphur compounds include: ethylmercaptan (aroma descriptor: onion), dimethyl sulfide (grassy/truffle-like note); 2-furanmethanethiol (roasted coffee); diethyl sulfide (cooked vegetables, onion, garlic); dimethyl disulfide (cooked cabbage, intense onion); diethyl disulfide (garlic, burnt rubber); methyl thioacetate; ethyl thioacetate; 2-mercaptoethanol (burnt rubber); 2-(methylthio)-1-ethanol (cauliflower); 3-(methylthio)-1-propanol (sweet, potato); 4-(methylthio)-1-butanol (earthy-like scent); benzothiazole (rubber); 5-(2-hydroxyethyl)-4-methylthiazole; and, 2-methyl-3-furanthiol (cooked meat) [34, 45, 46] .
To our knowledge, no AOAC methods for analysis of grape and wine aroma compounds have been reported. However, two methods are reported by the International Organization of Vine and Wine (OIV) for the determination of some α-dicarbonyl compounds in wine by derivatization with 1,2-diaminobenzene, such as glyoxal, methylglyoxal, diacetyl, 2,3-pentanedione, but they do not contemplate the use of SPME or SPE methods (Methods OIV-MA-AS315-20 and OIV-MA-AS315-21) [47] . Figure 1 shows the structures of the main aroma compounds in grape and wine. 
SPE-GC/MS of grape and wine volatile compounds
Solid phase extraction (SPE) is a technique developed in the mid-1970's as a substitute for liquid-liquid extraction methods, and was introduced in the market in the 80's. This technique of sample preparation allows the concentration and purification of the analytes by sorption onto a cartridge and their recovery using a suitable solvent [48, 49] . Extraction ability of the cartridge depends on the bed sorbent capacity, sample volume loaded, nature and volume of the conditioning solvents and eluents used. The breakthrough volume, which determines the maximum volume of sample can be introduced into the sorbent, also affects the cartridge performance [50] .
SPE has been widely used in grape and wine volatiles analysis [3] . In grape sample preparation, this technique allows the isolation of two fractions of free volatile compounds and glycosidically-bound aroma precursors, respectively. A method for extraction of glycoside compounds from grape juices and wines by using reverse phase C18 cartridges, has been proposed [51, 52] . Before recovering the analytes, hydrophilic compounds (e.g., salts and sugars) are removed by washing the cartridge with water. A fraction containing the volatile compounds is eluted with dichloromethane and another, containing glycosides, is eluted with methanol [52] .
A method empoying Amberlite XAD-2 resin has also been proposed. This stationary phase showed good adsorption capacity for monoterpenols; free compounds are recovered from the stationary phase with pentane or a pentane-dichloromethane solution and glycosides with ethyl acetate [53, 54] . On the other hand, Amberlite XAD-2 and Amberlite XAD-16 showed the disadvantage of retaining glucose. Use of a sufficiently large cartridge (e.g., 10 g) allows extraction of considerable volumes of sample and concentration of the analytes till 1000-fold. This is particularly useful to study grape aromas and precursors usually present in very low concentrations. Gas chromatography-mass spectrometry analysis (GC/ MS) performed in SCAN mode enables the use of the mass spectra libraries for identification, in particular the compounds for which the standards are not available [8] .
Volatiles in grape skins and pulps are usually studied separately [55] [56] [57] [58] [59] . A volume of 100-200 mL of extract is passed through a 10-g C18 cartridge, and two fractions containing volatile and glycoside compounds are eluted with dichloromethane and methanol, respectively. To study aroma precursors, methanol is evaporated to dryness, the residue is suspended in a pH 5 buffer and a glycoside enzyme is added. Hydrolysis is carried out at 40 °C overnight then the aglycones are recovered by passage through a 1-g C18 cartridge and elution with dichloromethane. A last fraction, containing other potential wine aroma precursors, can be recovered with methanol.
In wine analysis, SPE has been also coupled to advanced analytical methods, such as multidimensional gas chromatography/mass spectrometry (MDGC/MS) and two dimensional gas chromatography (GC×GC) in combination with time-of-flight mass spectrometry (TOF-MS). Weldegergis et al. (2011a) performed a study of South African wines by using a styrene-divinylbenzene cartridge, recovery of the analytes with dichloromethane and GC×GC-TOF-MS analysis [3] . The authors reported that the method allowed the selective removal of the main polar volatiles that hamper the identification of minor volatiles (such as alcohols, acids, esters), and was suitable for the analysis of non-polar high-boiling compounds (such as terpenes, volatile phenols, lactones, sulphur compounds, and high boiling aromatic and higher aliphatic esters).
A study of C 8 -C 11 aliphatic aldehydes in white wines by reverse phase SPE and MDGC/MS analysis, was performed [60] . The method provided limits of detection (LOD) lower than 30 ng/L and high repeatability (RSD% < 5%).
Despite the availability of some more modern sample preparation techniques, in particular sorptive-based techniques like SPME and Stir-Bar Solid Extraction, SPE is still widely used for analysis of aroma and volatile compounds of grape and wines.
SPME-GC/MS of grape and wine volatile compounds
Solid Phase Microextraction (SPME) was developed by Pawliszyn and co-workers in 1990s to meet the need for rapid sample preparation [61, 62] . The method consists of the exposure of an immobilized stationary phase (a thin fused-silica fiber coated with a thin polymer film) in the headspace of liquid sample (HS-SPME) or by immersion into the liquid sample (directimmersion SPME). After adsorption of the analytes into the fiber, the thermal desorption is performed into the gas chromatograph injector. By ensuring carefully controlled extraction conditions, the method is suitable for accurate quantitative analyses [63] . The selectivity of a SPME sorbent towards analytes is very important for coating selection. Commercial fibers with different thickness and polarity are available; from the nonpolar dimethylsiloxane (PDMS) to polar Carbowax [64] .
Combinations of Carbowax, Carboxen and divinylbenzene copolymers, are also available. By performing either direct immersion or headspace extraction, the addition of a salt to the solution and adjustment of pH favors the shift of the equilibrium of the analytes towards the fiber.
Carbonyl compounds contribute to the formation of wine aroma even though are present in low levels. A selective and sensitive analytical method is the GC/MS analysis of their O-pentafluorobenzyl (PFB) derivatives. Selectivity and sensitivity of the method are further improved by performing analysis in singular-ionmonitoring (SIM) and recording the mass spectrum base peak signal at m/z 181 which is characteristic of PFB derivatives. On the other hand, the derivatization increases the complexity of peaks of the analytes in the chromatogram due to formation of two oximes for each carbonyl group (isomers E and Z, except formaldehyde) [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . In general, PFBOA derivatives have higher volatility, thermal stability and higher affinity for the SPME fiber with respect to the related carbonyl compounds [41] .
The carbonyl profile of wine changes considerably with malolactic fermentation (MLF). HS-SPME-GC/MS analysis of PFBOA derivatives was performed to study the carbonyl compounds in Merlot wines after MLF (acetaldehyde, acetoin, diacetyl) by using the SPME conditions reported in Table 1 [75] . Zapata et al. (2010) developed a method for the extraction of carbonyl compounds with a polydimethylsiloxane/divinylbenzene (PDMS/DVB) fiber. GC/MS analysis of PFBOA derivatives was carried out by using different ionization modes, such as electron impact ionization (EI), positive chemical ionization (PICI) and negative chemical ionization (NCI) [77] . SPME coupled to NCI provided lower LODs for isobutyraldehyde, 2-methylbutanal, isovaleraldehyde, (E)-2-hexenal, 1-octen-3-one, (E)-2-heptenal, methional, (E)-2-octenal, phenylacetaldehyde, and (E)-2-nonenal [77] .
During aging, many volatile compounds are transferred from the wood barrel to the wine. These include syringaldehyde, vanillin, coniferaldehyde, sinapaldehyde and their alcohols, cis-and trans-β-methyl-γ-octalactones (oak lactones), propiosyringone and propiovanillone, hydroxy-megastigmen-2-one and hydroxy-megastigmen-3-one [78] , eugenol, furfural, 5-methyl furfural, guaiacol, 4-ethylphenol and 4-ethyl guaiacol [79, 80] , acetovanillone, β-ionone, furfuryl alcohol, γ-noanalactone [81] . A HS-SPME-GC/MS study of aroma evolution of wines aged in 225-L barrels (barriques) was performed by using the experimental conditions reported in Table 2 [82]. 2'-Aminoacetophenone (o-AAP) and methyl anthranilate (MA) are compounds related to the typical foxy taint of wines made with American and wild vine grapes [28] . Analysis of o-AAP in wine was performed by SPME directimmersion using a DVB/CAR/PDMS fiber [83] . A method for analysis of MA in grape juice was developed by using a PDMS fiber [84] .
3-isobutyl-2-methoxypyrazine (IBMP), 3-secbutyl-2-methoxypyrazine (SBMP) and 3-isopropyl-2-methoxypyrazine (IPMP) in grape juice and wine were studied by SPME-GC/MS using DVB/CAR/PDMS, PDMS/ DVB and CAR/PDMS fibers [85] [86] [87] [88] .
A SPME-GC/MS and multiple mass spectrometry (MS/MS) method for simultaneous analysis of o-AAP, MA and of the main four 3-alkyl-2-methoxypyrazines (ethylmethoxypyrazine, IPMP, SBMP and IBMP) in grape juice, was proposed [89] . The optimized experimental conditions are summarized in Table 3 .
Several sensitive SPME-GC/MS methods for the analysis of 4-Ethylphenol (4-EP) and 4-ethylguaiacol (4-EG) in wine were proposed [41, 90, 91] . Martorell et al. (2002) developed a method using two PDMS 100-μm fibers; for 4-EP, limit of detection and of quantification (LOQ) 2 µg/L Table 1 . SPME conditions used for PFBOA derivatization of the main wine carbonyl compounds [75] . Table 2 . SPME conditions used to study volatile compounds in aged wines [82] . and 5 µg/L, respectively, were achieved, LOD and LOQ for 4-EG were 1 µg/L and 5 µg/L, respectively [91] . An optimized method for analysis ethylphenols and vinylphenols in wines was proposed by using StableFlex Carbowax/DVB (CW/DVB 70 µm) and polyacrilate (PA 85 µm) fibers [92] . Also, a multiple-headspace SPME method by performing three consecutive extractions of the sample with a CW/DVB fiber was proposed. In this case the method LODs were 0.06 μg/L for both 4-EG and 4-EP [93] . Table 3 . HS-SPME conditions used for simultaneous determination of 'foxy smelling compounds' (o-AAP and MA) and 3-alkyl-2-methoxypyrazines (ETMP, IPMP, IBMP, and SBMP) in grape juice [89] . SPME methods for analysis of higher alcohols and aliphatic esters in wine were performed by using PDMS 100-μm fibers [94] [95] [96] . This coating fiber has high affinity for non-polar compounds, such as ethyl esters and acetates [97] [98] [99] . CW/DVB is instead more suitable for the extraction of more polar wine compounds, such as 1-hexanol, hexen-1-ol, 1-octanol and monoterpenols [97] . Antalick et al. (2010) developed a method for simultaneous determination of 32 esters in wine with concentrations ranging between ng/L and mg/L [100] . Different fiber coatings were tested: DVB/CAR/PDMS 50/30 µm; CAR/PDMS 85 µm; PDMS 100 µm; PDMS/DVB 65 µm; PA 85 µm; CW/DVB 70 µm; and, polyethyleneglycol (PEG) 60 µm. PDMS was the most efficient in extracting the less polar and volatile compounds, volatile esters were better extracted by CAR/PDMS and aromatic esters by CW/DVB. However, in general, PDMS showed high efficiency for all compounds with LOQs ranging between 0.4 ng/L -4 µg/L. Recent applications showed that a triphase fiber DVB/CAR/PDMS allows extraction of the highest number of wine volatiles, including ethyl esters (56% of the compounds identified), alcohols and acids [1, 101] .
Rebiere et al. (2010) proposed a HS-SPME and GC/ MS method for analysis of wine volatiles with minimal sample pre-treatment suitable to be fully automated. Four internal standards were added (methyl isobutyl ketone, n-dodecane, 4-methyl-2-pentanol, ethyl nonanoate) and the extraction was performed with a DVB/CAR/PDMS (50/30 µm) fiber. The method provided high recoveries for the different classes of analytes by allowing quantification of twenty-one compounds [102] .
A sensitive SPME method for analysis of volatile sulphur compounds in wine by using a CAR/PDMS/DVB 50/30 μm fiber (2-cm length) was developed [44] . After addition of 1.0 M MgSO 4 to the sample, 13 compounds with a b.p. ranging from 35 °C to 231 °C were recovered: dimethyl sulfide; ethylmercaptan, diethyl sulfide, methyl thioacetate, ethyl thioacetate, 2-mercaptoethanol, dimethyl disulfide, diethyl disulfide, benzothiazole, 5-(2-hydroxyethyl)-4-methylthiazole, 4-(methylthio)-1-butanol, 3-(methylthio)-1-propanol and 2-(methylthio)-1-ethanol.
With the same fiber, a method for analysis of 3-mercaptohexan-1-ol, 3-mercaptohexyl acetate and 4-methyl-4-mercaptopentan-2-one (tropical fruit aroma in wines) was also developed [103] . HS-SPME was optimized by performing the extraction at 40 °C for 40 min of the sample adjusted at pH 7.
Analysis of thiols in wine was also performed by synthesis of pentafluorobenzyl derivatives using a PDMS/DVB fiber (65 μm) and derivatization on-fiber [104] . LODs achieved were 0.05 ng/L, 0.03 ng/L, 0.11 ng/L, 0.5 ng/L and 0.8 ng/L for FFT, 3-MHA, MF, 4-MP and 3-MH, respectively.
Comparison of HS-SPME and DI-SPME techniques in wine analysis by using a DVB/CAR/PDMS fiber showed a good performance of the former especially for terpenes, while DI-SPME provided the highest percentage of total aroma compounds isolated and the highest percentage of odour compounds detected at concentrations as low as 0.1 mg/L [105] .
Some recent SPME applications to study grape and wine aromas were performed using analytical techniques such as two-dimensional gas chromatography (GC×GC) and time-of-flight mass spectrometry (TOF/MS). Robinson et al. (2011) developed a HS-SPME method for simultaneous analysis of a large number of wine compounds. Authors reported that DVB/CAR/PDMS was the more suitable fiber for non-targeted analysis of trace volatile and semi-volatile compounds, and 350 volatile and semi-volatile compounds were tentatively identified including monoterpenes, norisoprenoids, sesquiterpenes and alkyl-methoxypyrazines [106] . Weldegergis et al. (2011b) performed a detailed investigation of volatiles in South African Pinotage wines by performing HS-SPME and GC×GC-TOF-MS analysis. A CAR/PDMS 75-µm fiber was used and 206 volatile compounds belonging to different chemical classes were identified, including esters, alcohols, aldehydes, ketones, acids, acetals, furans and lactones, sulphur compounds, nitrogen compounds, terpenes, hydrocarbons and volatile phenols [107] .
With a similar analytical method,using a DVB/CAR/ PDMS fiber, Vestner et al. (2011) studied the volatile composition of Pinotage wines after MLF. Using two different sets of HS-SPME conditions (5 min extraction time for minor volatiles and 30 min for the others) both trace-level and major volatile compounds were extracted [108] .
5 Coupling of SPE and SPME SPE and SPME are complementary techniques that can be used in the study of grape and wine aroma profiles. The main advantages of SPME -high selectivity and low detection limits -can be combined with SPE to study the glycosidically-bound volatiles by performing a sample fractionation according to polarity of the fractions. The two techniques have been used in combination to study monoterpenes in white wines [109] . After SPE with a 500-mg C18 cartridge, glycoside monoterpenes were subjected to acid hydrolysis and the aglycones were extracted by performing a SPME in non-equilibrium conditions. This approach allowed the quantification of compounds present in lower concentration not detectable in SPE extracts, such as geranic oxide 1 and 2, isoterpinolene, β-mircene, α-terpinene, limonene, cis and trans β-ocimene, cis rose oxide, m-cymene. Five different fibers were tested and a carboxene/divinilylbenzene/ PDMS coating showed the highest peak responses for monoterpenes with LODs between 1-3 ng/µL.
In a recent study, 21 free and glycosidically-bound volatile grape varietal aroma compounds were detected in Greek wines by performing SPE/SPME-GC/MS. Compounds identified were C6 alcohols, cis and trans rose oxide, vanillin, linalool, nerol, geraniol, α-and β-ionone [63] . Glycoside aroma precursors were isolated by a cross-linked hydroxylated polistyrene-divinylbenzene SPE cartridge, the compounds were hydrolysed and the aglycones were analyzed by SPME-GC/MS. Comparing five commercial fibres in both HS and DI sampling mode, coupling of PDMS/DVB fiber with DI showed the best extraction efficiency. LOQs between 1.5-30 µg/L and recoveries between 78% and 135% (except for vanillin), were achieved. SPE and SPME were compared in a study of carbonyl compounds in wines by synthesis of their PFB-derivatives [77] . Analytes were isolated by SPE and derivatization was performed on the cartridge. The reaction was performed using a PDMS/DVB 65-μm fiber saturated with vapours of the reagent and exposed to the sample headspace. MS analysis was performed by electron impact (EI) and negative chemical ionization (NCI). From the determination of 2-methylbutanal, (E)-2-hexenal, (E)-2-heptenal, (E)-2-octenal, (E)-2-nonenal, 1-octen-3-one, 3-methyl-2,4-nonadione, methional, isobutyraldehyde, isovaleraldehyde, and phenylacetaldehyde, it was found that the linearity was satisfactory for both methods with coefficients of determination more than 0.99. Repeatability of SPE (RSD < 10%) was better than SPME (9% < RSD < 20%).
Conclusions
Many SPE and SPME methods have been developed for the study of grape and wine aroma compounds. Several applications were developed to the study of compounds used in the characterization of grape varieties (e.g., monoterpenols and norisoprenoids) and others to study the compounds involved in important oenological processes (e.g., malolactic fermentation and wine aging) or bacterial activities, such as volatile phenols and carbonyl compounds. In general, SPE allows the isolation of both the volatile and glycoside fractions and it is particularly useful in the study of the grape aromas and aroma precursors. Moreover, by using an internal standard SPE allows the semi-quantitative profiling of samples, which is particularly useful in the study of grape varieties and for monitoring winemaking processes. On the other hand, SPME is effective to perform highly sensitive quantification of compounds for which standards are available, with high reproducibility and without the use of solvents.
In any case, SPE remains the best sample preparation method for higher boiling volatiles, such as monoterpenols, and allows extraction and concentration of large sample volumes with high recovery of the analytes.
However, for analysis of specific classes of compounds, such as alkyl-methoxypyrazines, the high sensitivity of SPME makes it the more suitable technique.
Recent studies have demonstrated that combined use of the two techniques allows the coupling of the SPME advantages -high selectivity and low detection limits for the volatiles -with the study of glycosidicallybound aroma precursors isolated by SPE.
